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(57) ABSTRACT

A phase-locked loop (PLL) including an active filter, a volt-
age-controlled oscillator (VCO), two phase detectors, a
charge pump and a digital-to-analog converter (DAC) 1s pro-
vided. The VCO generates an oscillation signal according to
a control signal provided at an output of the active filter. The
first phase detector generates a phase difference signal
according to a reference signal and a feedback signal associ-
ating with the oscillation signal. The charge pump provides a
charging current to a first input of the active filter according to
the phase difference. The second phase detector generates a
digital reference signal according to the phase difference
between the reference signal and the feedback signal. The
DAC converts the digital reference signal to an analog refer-
ence voltage and provides the analog reference voltage to the

second 1nput of the active filter.

11 Claims, 7 Drawing Sheets
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1
PHASE-LOCKED LOOP

This application claims the benefit of Taiwan application
Serial No. 99139438, filed Nov. 16, 2010, the subject matter
of which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The invention relates 1n general to a phase-locked loop

(PLL), and more particularly to a circuit structure of a PLL.
2. Description of the Related Art

In current computer systems and communication systems,
a PLL providing oscillation signals of accurate frequencies
plays a crucial role. Taking a wireless communication system
for example, 1ts transmission end oiten utilizes oscillation
signals generated by a PLL as a reference for signal transmis-
sion. As a result, the quality of wireless signals 1s directly
influenced by characteristics from a locking speed, a loop
bandwidth to surge energy of the PLL.

FIG. 1 shows a structural diagram of a type-I phased-
locked loop. A PLL 10 comprises a phase detector 11, a
charge pump 12, a filter 13 consisted of a resistor R and a
capacitor C, a voltage-controlled oscillator (VCO) 14, and a
frequency divider 15. Since the resistor R forms a leakage
path between an 1mput and a ground end of the VCO 14, the
phase detector 11 1s mandated to output cyclic pulses whether
the PLL 10 1s locked, so that the charge pump 12 charges the

input of the VCO 14 to compensate charge lost through the
resistor R. When the PLL 10 1s stabilized and a balance

between charging and discharging 1s reached, a cycle of the
pulses then equals a cycle of reference signals. However, the
existence of the cyclic pulses imposes iterference on oscil-
lation signals at the output of the VCO 14. As a phase differ-
ence between the reference signals and feedback signals
grows larger, the pulses become wider and have greater
energy. Consider circumstances that the oscillation signals
have a frequency of 3.66 GHz, and the reference signals have

a frequency of 26 MHz. In a spectrum of the output signals
from the VCO 14, apart from a main component occurring at
3.66 GHz, so-called surges at 3.66 GHz+26 MHz are also
present. Many wireless communication standards have speci-
fications regarding upper limits of surge energy. A shortcoms-
ing of the type-I PLL 1s that the charging pulses usually result
in excessively high surge energy.

FI1G. 2 shows a structural diagram of a type-11 PLL. A PLL
20 comprises a phase detector 21, two charge pumps 22A and
22B, an active filter 23 consisted of a resistor R, capacitors
C1, C2 and C3, and an amplifier 23A, a VCO 24, and a
frequency divider 25. As the PLL 20 becomes locked from
unlocked, the second charge pump 22B charges/discharges
the capacitor C1 1n the active filter 23 according to a phase
difference detected by the phase detector 21, until a reference
voltage V.. indicated in the diagram 1s gradually pulled
up/down to a control voltage appropriate for an input of the
VCO 24 when the PLL 20 1s locked. Before the PLL 20
becomes locked, the reference voltage V..~ and the control
voltage usually need to go through a period of damping to be
stabilized. This structure i1s free from the excessively high
surge energy occurring in the type-1 PLL, but yet a locking
speed of the PLL 20 1s directly restrained by a charge/dis-
charge speed of the second charge pump 22B with respect to
the capacitor C1. Further, the damping process also lengthens

the locking speed of the PLL 20.

SUMMARY OF THE INVENTION

The invention 1s directed to a novel PLL structure, in which
a digital charging path 1s utilized to replace the analog charg-
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2

ing path consisted of a second charge pump 22B and a capaci-
tor C2 1n the prior art. The digital charging path can be
designed to directly provide a predetermined charge amount
according to a phase difference, so as to steadily pull up a
reference voltage provided to an active filter to prevent damp-
ing and effectively reduce time needed for locking the PLL.

According to an aspect of the present invention, a PLL
comprising an active filter, a VCO, two phase detectors, a
charge pump and a DAC 1s provided. The VCO generates an
oscillation signal according to a control signal provided by an
output of the active filter. The first phase detector generates a
phase difference signal according to a reference signal and a
teedback signal associating with the oscillation signal. The
charge pump provides a charging current to a first input of the
active filter according to the phase difference signal. The
second phase detector generates a digital reference signal
according to the phase difference between the reference sig-
nal and the feedback signal. The DAC converts the digital
reference signal to an analog reference voltage, and provides
the analog reference signal to a second input of the active
filter.

Compared to the prior art, the present invention contributes
advantages ol having a fast locking speed and low surge
energy. The above and other aspects of the mvention will
become better understood with regard to the following
detailed description of the preferred but non-limiting embodi-
ment(s). The following description 1s made with reference to

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a structural diagram of a conventional type-1PLL.

FIG. 2 1s a structural diagram of a conventional type-II
PLL.

FIG. 3 1s a block diagram of a PLL according to a first
embodiment of the present invention.

FIG. 4 1s an example illustrating a comparison between
voltages during a locking process of the present invention and
the prior art.

FIG. 5 1s a block diagram of a PLL according to a second
embodiment of the present invention.

FIG. 6A 15 a block diagram of a PLL according to a third
embodiment of the present invention.

FIG. 6B 1s a block diagram of a PLL according to a fourth
embodiment of the present invention.

FIG. 7 1s a flowchart of a calibration method for a PLL
according to a fifth embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 3 shows a schematic diagram of a PLL according to a
first embodiment of the present invention. A PLL 30 com-
prises two phase detectors 31A and 31B, a charge pump 32,
an active filter 33 consisted of a resistor R, a capacitor C and
an operational amplifier 33 A, a VCO 34, a frequency divider
35, and a DAC 36.

As shown 1n FIG. 3, the active filter 33 comprises a first
input connected to the charge pump 32, a second input con-
nected to the DAC 36, and an output for providing a control
signal. The capacitor C and the resistor R are connected 1n
parallel between the first input and the output. The VCO 34
generates an oscillation signal according to the control signal.
The frequency divider 33 frequency divides the oscillation
signal to generate a feedback signal. In the other words, the
teedback signal associating with the oscillation signal.
According to areference signal inputted to the PLL 30 and the
teedback signal, the first phase detector 31 A generates a
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phase difference signal. The charge pump 32 provides a
charge current to the first input of the active filter 33 according
to the phase difference signal.

The second phase detector 31B detects a positive/negative
sign of the phase difference between the reference signal and
the feedback signal, and outputs a digital reference signal. For
example, the digital reference signal 1s an 8-bit binary signal
generated by a digital accumulator (not shown) fed with
differently valued multi-segment digital unit values. The
positive/negative sign of the phase difference determines a
positive/negative sign of the mput signal to the accumulator,
and a change 1n a speed of output values from the accumulator
1s dependent on the magnitude of the input signal to the
accumulator. For example, when the phase of the reference
signal 1s ahead of that of the feedback signal, the sign of the
input signal to the accumulator 1s positive; conversely, when
the phase of the reference signal 1s behind that of the feedback
signal, the sign of the mnput signal to the accumulator 1s
negative. The DAC 36 then converts the digital reference
signal, e.g., a digital reference voltage, to an analog reference
voltage, and provides the analog reference voltage to the
second 1nput of the active filter 33.

Different from the type-1I PLL, before the PLL 30 1s
locked, a digital charging path formed by the second phase
detector 31B and the DAC 36 can be designed to directly
provide a predetermined charge amount according to the
positive/negative signal and magnitude of the phase ditfer-
ence. FIG. 4 shows an example illustrating a comparison
between voltages during a locking process of the present
invention and the prior art, where the horizontal axis repre-
sents time and the vertical axis represents a voltage value at
the output of the active filter 33 (1.e., the control voltage
provided to the VCO 34). As observed from FIG. 4, the
voltage value undergoes a period of damping before being
stabilized when the conventional structure 1n FI1G. 2 1s imple-
mented. In contrast, by implementing the structure of the
present invention, the analog reference voltage provided by
the DAC 36 quickly approximates a predetermined steady
value, such that the voltage at the output of the active filter 33
1s quickly stabilized.

For example, within a segment O-A 1n FIG. 4, the input to
the accumulator 1s set to a predetermined high unit value by
the second phase detector 31B so that the voltage at the output
of the active filter 33 1s quickly pulled up. After a predeter-
mined period, the mput to the accumulator 1s modified to
another predetermined medium unit value so that the voltage
at the output of the active filter 33 slowly increases with a
moderate slope to gradually approximate a locked state.
Therefore, 1t 1s easily appreciated from FIG. 4 that the PLL 30
according to the embodiment of the mmvention becomes
locked faster than the solution associated with the prior art. In
other words, by appropriately controlling the reference volt-
age provided to the active filter 33, the time that the PLL 30
requires for becoming locked 1s effectively reduced by pre-
venting damping. Depending on actual practice, the detfault
output value of the accumulator may be programmable, such
as set to 2 of the power supply voltage VDD of the PLL or
any other default values through design. Supposing the volt-
age at the output of the active filter 33 stabilizes to a target
voltage value from VDD)/2, the time required for locking 1s
even reduced further since a voltage difference 1s decreased.

FIG. 5 shows a block diagram according to a second
embodiment of the present ivention. Compared to first
embodiment shown in FIG. 3, the PLL 30 in the second
embodiment further comprises a capacitor C,, a switch 37
and a switch module 38 1n replacement of the above accumu-
lator. The capacitor C, 1s coupled between the active filter 33
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4

and the second nput, and the switch 37 1s coupled between
the second mnput and the DAC 36. When the PLL 30 enters

from an acquisition mode to a tracking mode, the switch

module 38 controls the switch 37 to disconnect a link between
the DAC 36 and the second mput.

When the switch 37 1s open to couple the DAC 36 and the

second 1nput, operations of the PLL 30 are 1n large similar to
those of the one shown 1n FIG. 3, and the PLL 30 1s equivalent
to the type-1I PLL shown 1n FIG. 2. When the switch 37 1s
controlled to open to disrupt the link between the DAC 36 and
the second mput, in equivalence, the charge stored in the
capacitor C, continues to provide the reference voltage
needed by the active filter 33. When the link 1s disrupted,
operations of the PLL 30 are equivalent to those of the type-1
PLL
fhe PLL i FIG. 5 contributes two major advantages.
Compared to the conventional type-1 PLL, the reference volt-
age needed by the filter 1s provided via the digital charging
path when the PLL 1n FIG. 5 1s under an acquisition mode, so
that the time required for locking the PLL 30 1s effectively
shortened by preventing damping. The other advantage 1s that
the PLL in FIG. 5 under a tracking mode operates as the type-1
mode PLL, so that locking the control voltage of the VCO 34
1s achieved without having to implement a high precision
DAC 36 having a smallest bit count.

A PLL having a calibration function 1s disclosed according
to a third embodiment of the present invention. With refer-
ence to FIG. 6 A, apart from the elements shown 1n FIG. 3, the
PLL according to this embodiment further comprises a volt-
age detector 39, a control module 40 and a calibration module
41. In this embodiment, the charge pump 32 1s designed as
being capable of selectively providing a predetermined cur-
rentl ___ oratestcurrent I _.and the frequency divider 35 1s
designed as being capable of selectively providing a prede-
termined frequency dividing amount N, or a predeter-
mined test frequency dividing amount N,__.. For example, the
predetermined current]  and the predetermined frequency
dividing amount N, are a current amount and a frequency
dividing amount provided to the PLL during normal opera-
tions.

When the predetermined current amount I
determined frequency dividing amount N

loop gain G

... and the pre-
are provided, a

loop O the PLL 1s represented as:

IHDI"F?‘I X R X KVCG
Nnﬂrm

Formula (1)

G.‘fﬂﬂp —

Wherein, R represents a resistance value 1n the active filter
33, K, represents a voltage-frequency conversion coelfl-
cient of the VCO 34. R and K., are usually shifted by a
certain degree due to ambient variants from manufacture,
temperature to voltage factors, such that many characteristics
(e.g., bandwidth) do not match with predetermined 1deal val-
ues originally hoped to achieve at the time of designing the
PLL. The calibration function of the imnvention 1s thus targeted
at determining a shifted amount ot the loop gain G, ,, based
on which the PLL or other peripheral circuits associated with
the PLL are calibrated.

To determine the shifted amount of the loop gain G, ,, the
control module 40 first controls the charge pump 32 to pro-
vide the predetermined current amount I, and the fre-
quency divider 35 to provide the predetermined frequency
dividing amount N, _ . When the PLL 1s locked, the voltage

detector 39 measures a voltage associated with the output
frequency of the oscillation signal to generate a first reference
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voltage V. In this embodiment, the value measured by volt-
age detector 39 1s voltage of the digital reference signal pro-

vided by the second phase detector 31B. In practice, the
measured value by the voltage detector 39 can also be the
analog reference voltage outputted by the DAC 36, or the
control voltage prewded by the active filter 33 to the VCO 34.

Compared to measuring an analog voltage, measuring a digi-
tal voltage 1s relatively convenient and fast.

The control module 40 then controls the charge pump 32 to
provide the test current amount I _ and controls the fre-
quency divider 35 to continue 1n providing the predetermined
frequency dividing amount N, . When the PLL 1s almost
locked, the voltage detector 39 again measures the digital
reference signal to generate a second reference voltage V..
Since the test current amount I, 1s different from the prede-
termined current amount I . the second reference voltage
V, 1s accordingly different from the previously obtained first
reference voltage V, such that the frequency of the oscillation
signal outputted from the VCO 34 1s changed. Compared to
the frequency of the oscillation signal when the digital refer-
ence signal 1s the first reterence voltage V,, the frequency

difference Af, resulted by such condition 1s represented as:

A=AV (XK iy =AIXRXK 1 Formula (2)

Wherein, Al represents a difference between the predeter-
mined current amount I, and the test current amount I,__,
and AV, represents a difference between the first reference
voltage V', and the second reference voltage V.

In the next step, the control module 40 controls the charge
pump 32 to provide the predetermined current amount [
and the frequency divider 35 to provide the test frequency
dividing amount N_, . When the PLL 1s almost locked, the
voltage detector 39 again measures the digital reference sig-
nal to generate a third reference voltage V;. Since the test
frequency dividing amount N___. 1s different from the prede-
termined frequency dividing amount N, the third refer-
ence voltage V, 1s accordingly different from the previously
obtained first reference voltage V, such that the frequency of
the oscillation signal outputted from the VCO 34 1s changed.
Compared to the frequency of the oscillation signal when the
digital reference signal 1s the first reference voltage V,, the
frequency difference Al, resulted by such condition 1s repre-

sented as:

AL=AVXKpen=ANXE, Formula (3)

Wherein, AN represents a difference between the predeter-
mined frequency dividing amount N___ and the test fre-
quency dividing amount N__,AV, represents a difference
between the first reference voltage V and the third reference
voltage V3, and F,_-represents a referenee frequency (1.¢., a
frequency of the reference signal inputted to the PLL).

By dividing Formula (2) by Formula (3):

Afi

AV, AIXRX Kyco
Afr

AV, = AN XF,y

Formula (4)

From Formula (4), it 1s dertved that:

AN AV,

o Formula (5)
Al AV,

RXKVCQ =

XFrEf

By combining Formulae (5) and (1), the loop gain G;,___ of

the PLL 1s represented as:

Zoﬂp
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Formula (6)

IHDI’?H

XRXKyro = X

HOFFH

HOFTH

Gbep —

HOFI

It 1s observed from Formula (6) that, even with shift
amounts of R and K., being unknown values, the control
module 40 1s still able to estimate the loop gain G, , of the
PLL according to the predetermined currentamountI, . the
predetermined frequency dividing amount N the test cur-

rent amount I _, the test frequency dividing amount N___, the

first reference voltage V,, the second reference voltage V ,,
the third reference voltage V5, and the reference frequency
F, -~ Further, the control module 40 1s capable of determining
a difference between the current loop gain Gy, and the ideal
loop gain Gy, originally designed (i.€., the loop gain G
when R and K. -, are not shitted).

The calibration module 41 calibrates the PLL according to
the loop gain G, , estimated by the control module 40. In this
embodiment, the calibration module 41 calibrates the VCO
34 according to the difference between the above loop gain
G, and the 1deal value. In practice, the calibration may also
calibrate a filter element (e.g., the resistor R or the capacitor
C) 1n the active filter 33.

FIG. 6B shows a block diagram of a PLL according to a
fourth embodiment of the present invention. A main differ-
ence between this embodiment and the third embodiment 1s
that, 1n this embodiment, between the control module 40 and
the frequency divider 1s connected with a sigma-delta (XA)
modulator 42 for modulating the test frequency amount so
that the frequency amount difference AN can be a non-integer.
Further, when the PLL 1s applied to a digital modulation
transmitter, the calibration module 41 may be targeted to
modulate a pre-emphasis circuit 43. The pre- -emphasis circuit
43 1s for prewdmg a high-pass filter effect to compensate
attenuation 1n modulated signals resulted from low-pass filter
characteristics of the PLL.

In practice, the design of the pre-emphasis circuit 43 1s
associated with the loop gain G, . Theretore, when the loop
gain G,,,, 1s shifted, it 1s possible that parameters in the
pre-emphasis circuit 43 be correspondingly adjusted. The
calibration module 41 1s this embodiment also calibrates the
pre-emphasis circuit 43 according to the loop gamn G,
estimated by the control module 40. It 1s to be understood that
the loop gain G,,,, estimated by the control module 40 can
also be applied to peripheral circuits of the PLL instead of
being limited to applications of main functional blocks of the
PLL.

Further, the calibration method described above may be

applied to various circuits of charge pumps and frequency
dividers, and are not limited by the examples illustrated by
FIGS. 6A and 6B.

A calibration method for a PLL 1s provided according to a
fifth embodiment of the present invention. The PLL com-
prises a charge pump and a frequency divider. The calibration
method comprises steps shown m FIG. 7. In Step S71, a
predetermined current amount I, 1s provided at the charge
pump, and a predetermined frequency dividing a N 1s
provided at the frequency divider. In Step S72, when the PLL
1s locked, a voltage associated with an output frequency of the
PLL 1s measured to generate a first reference voltage V. In
Step S73, a test current amount I, 1s provided at the charge
pump, and the predetermined frequency dividing amount
N___1sprovided at the frequency divider. In Step S74, when

the PLL 1s locked, the voltage 1s again measured to generate
a second reference voltage V.

loop
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In Step S75, the predetermined current amount I, pro-
vided at the charge pump, and a test frequency dividing
amount N,__.1s provided at the frequency divider, wherein the
test frequency dividing amount N, ___1s a predetermined value.
In Step S76, when the PLL 1s locked, the voltage 1s again
measured to generate a third reference voltage V,. In Step
S77,aloop gain G, ofthe PLL 1s estimated according to the
predetermined current amount I, . the predetermined ire-
quency dividing amount N the test current amount I _,
the test frequency dividing amount N___., the first reference
voltage V,, the second reference voltage V,, the third refer-
ence voltage V3, and a reference frequency I, . In Step S78,
the PLL 1s calibrated according to the loop gain G,

Details of estimation ot the loop gain G, , and calibration
of the PLL are same as those described in the previous
embodiment, and shall be omitted for brevity. It 1s to be noted
that, Steps S73 to S74 and Steps S75 to S76 may be
exchanged; further, the calibration method may be applied to
PLLs of different structures rather than the examples shown
in FIGS. 6A and 6B.

With the embodiments, 1t 1s easily appreciated that the PLL
of the present invention replaces an analog charging path
consisted of a charge pump and a capacitor in the prior art
with a digital charging path. The digital charging path of the
present invention may be designed to directly provide a pre-
determined charge amount according to a positive/negative
signal of a phase difference, so as to steadily pull-up a refer-
ence voltage provided to an active filter and to effectively
reduce time needed for locking the PLL by preventing damp-
ing. Compared to the prior art, the present invention contrib-
utes advantages of having a fast locking speed and low surge
energy.

While the invention has been described by way of example
and 1n terms of the preferred embodiment(s), 1t 1s to be under-
stood that the invention 1s not limited thereto. On the contrary,
it 1s intended to cover various modifications and similar
arrangements and procedures, and the scope of the appended
claims therefore should be accorded the broadest interpreta-
tion so as to encompass all such modifications and similar
arrangements and procedures.

What 1s claimed 1s:

1. A phase-locked loop (PLL), comprising:

an active filter, comprising a first input, a second 1nput, and
an output for providing a control signal;

a voltage-controlled oscillator (VCO) that generates an
oscillation signal according to the control signal;

a first phase detector that generates a phase difference
signal according to a reference signal and a feedback
signal, the feedback signal associated with the oscilla-
tion signal;

a charge pump that provides a charging current to the first
input of the active filter according to the phase difference
signal;

a second phase detector that generates a digital reference
signal according to a phase difference between the ret-
erence signal and the feedback signal, the second phase
detector generating the digital reference signal with dif-
ferently valued multi-segment digital unit values as
input; and
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a digital-to-analog converter (DAC) that converts the digi-
tal reference signal to an analog reference signal which
1s Ted to the active filter.

2. The PLL according to claim 1, further comprising:

a capacitor, coupled to the second mput of the active filter;

a switch, coupled between the second mput and the DAC;
and

a switch module that controls the switch to disconnect a
link between the DAC and the second mput.

3. The PLL according to claim 1, wherein the digital ref-
erence signal 1s fixed at a predetermined voltage when the
phase difference 1s greater than a threshold.

4. The PLL according to claim 1, wherein the active filter
comprises an operational amplifier, a capacitor, and a resistor,
wherein two 1nputs of the operational amplifier are respec-
tively the first input and the second input, and wherein the
capacitor and the resistor are connected 1n parallel between
the first input and the output.

5. The PLL according to claim 1, wherein the second phase
detector comprises an accumulator that generates the digital
reference signal, and wherein a positive/negative signal of the
phase difference corresponds to a positive/negative signal of
an nput signal of the accumulator.

6. The PLL according to claim 5, wherein a change 1n a
speed of the digital reference signal corresponds to a magni-
tude of the mput signal of the accumulator.

7. The PLL according to claim 1, further comprising:

a frequency divider, coupled to the VCO, that frequency-

divides the oscillation signal to generate the feedback

signal.

8. A method for controlling a phase-locked loop (PLL),

comprising:

providing a control signal by an active filter;

generating an oscillation signal according to the control
signal;

generating a phase difference signal according to a refer-
ence signal and a feedback signal, the feedback signal
associated with the oscillation signal;

providing a charging current to a first input of the active
filter according to the phase difference signal;

generating a digital reference signal with differently valued
multi-segment digital unit values as input according to a
phase difference between the reference signal and the
feedback signal; and

converting the digital reference signal to an analog refer-

ence signal which 1s fed to the active filter.

9. The method according to claim 8, wherein the digital
reference signal 1s fixed at a predetermined voltage when the
phase difference 1s greater than a threshold.

10. The method according to claim 8, wherein the digital
reference signal 1s generated by an accumulator, and wherein
a positive/negative signal of the phase difference corresponds
to a positive/negative signal of an input signal of the accumu-
lator.

11. The method according to claim 10, wherein a change in
a speed of the digital reference signal corresponds to a mag-
nitude of the mput signal of the accumulator.
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